This paper shows that there is strong dependence of saturation magnetization on the alloying content in ferromagnetic steels. This dependence was used to determine the cross-sectional areas of the commercial non-oriented and grain-oriented silicon-iron steels. The relation between magnetization near saturation and the contents of silicon and aluminum for a large number of steel samples was experimentally obtained using an air-cored magnetizing system. The influence of the approach to magnetic saturation and its use in the determination of the cross-sectional area of electrical steel strips using the saturation magnetization method was estimated. Standard deviation (SD) of cross-sectional area obtained using the saturation magnetization method was on the order of 0.14%. SD for using conventional technique was also on the similar order of ∼0.11%.
I. INTRODUCTION

S
ILICON-IRON steel still one of the best materials for applications in electric motors, generators, transformers, electromagnets relays, and other electromagnetic devices. In all these applications, low iron loss and its constituent components hysteresis and eddy current losses are of prime importance. Determination of power loss is normally made on the Epstein samples of silicon-iron steel [1] and single sheets. Accuracy of the results greatly relies on the accurate setting of magnetic flux in the samples. This in turn requires an accurate measurement of cross-sectional areas or thicknesses of the samples if their widths can be accurately obtained. Some of the methods used for the determination of cross-sectional areas or thicknesses of silicon-iron steel are briefly reviewed below. Using eddy current methodology, the thickness of silicon-iron steel is measured by observing the changes in the magnetic field caused by the eddy currents in the steel [2] - [4] . The density method has been widely used to measure the average cross-sectional area such as that of the Epstein samples of precise size (length and width) in laboratories. The reproducibility of cross-sectional areas obtained using the density method is characterized by a standard deviation (SD) of the order 0.2%-0.3% [1] . Thickness of the steel was determined from the measurement of the equivalent magnetic reluctance of the magnetic circuit [5] . Using the detection of time intervals between ultrasonic pulses produced and reflected from the surfaces of silicon-iron steel in accordance with the Lorentz force in an electromagnetic field, the thickness of the steel plates between 1 and 4 mm was accomplished by means of a measurement technique by filtering the received waveform within a frequency region [6] - [9] . With the increasing emphasis on improving product quality, many factories measure the thickness of silicon-iron steels on a production line using either transmission or back scatter (reflection)-type radiation methods [10] - [13] . Automatic non-contact measurements of the thicknesses of plastic and steel sheets were also reported using laser [14] , [15] . Nevertheless, the varieties of methods used for the determination of cross-sectional areas or thicknesses of silicon-iron steels are not always convenient for utilization under plant operating conditions. Radiation method is awkward and requires specially trained operators. Eddy current method is sensitive to the conductivity of the samples. An increase of 1% in conductivity, which can be easily caused by temperature change or local cold-working or heat-treatment variations, can cause a 1% deviation in thickness [16] .
In the non-contact method, the sensitivity of the magneticultrasonic method is low and it is not easy to use for the thin silicon-iron steel. Application techniques using lasers require clear, smooth surface of the steel. With the exception of the density method that measures the cross-sectional area directly, all the other methods determine only the thickness of silicon-iron steel sheets. These methods also require measurement of the width in order to calculate the cross-sectional area. In this paper, by studying the dependence of saturation magnetization of silicon-iron steel on the depth of magnetic saturation, silicon and aluminum content, and grain orientation, a saturation magnetization method was developed for the determination of the cross-sectional areas of the steel strips initially in the form of Epstein size samples. Although magnetic saturation has not been the subject of interest in the past, modern techniques in control and operation of rotating machines has led to the development of new methods for their characterization [17] .
II. EXPERIMENTAL SETUP
Apparatus was designed so that measurements could be made on Epstein-strip sized samples in order to enable a database to be assembled so that magnetic saturation methods could be assessed in comparison with weighing and γ -ray absorption techniques [18] , [19] . Fig. 1 shows the diagram of the apparatus and the measuring circuitry. The test frame consists of a magnetizing coil, 0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. a B coil, and an H coil. Flux closure yokes are not used. The magnetizing coil was wound on a non-magnetic former and is 200 mm long, with the width and height of 54 and 31 mm, respectively. This magnetizing coil of 3060 turns is capable of delivering some 100 kA/m at its center. The excitation of an Epstein sample requires around 800 VA at a very low power factor of ∼75 W. The B-coil (of dimensions ≈30 mm × 10 mm × 10 mm), positioned at the center of the solenoid, is connected to an air flux compensating mutual inductor so that flux from the sample is detected but not air flux from the applied field, i.e., M only. An H coil (constructed on a non-magnetic former of dimensions ≈30 mm × 25 mm × 1 mm) placed near the sample surface was also connected to a mutual inductor so that when the flux to this H coil was balanced out (with sample absent), the demagnetizing field (sample present) could then be detected by this, free from that of the applied field. Field measurements along the length of the solenoid showed good linearity of the field of at least 50 mm either side of the center of B and H coils. The demagnetizing field at an applied field H of 100 kA/m was ∼0.8 kA/m. This arrangement enabled close track to be kept of the size of the demagnetizing field arising as sample geometry was changed. This greatly facilitated the confident design of any engineered commercial system. Demagnetizing factors can be either calculated or measured, as may be convenient in each case. When using a fully compensated system, the flux recorded is from sample polarization alone and excludes the magnetizing air flux and the effects of the demagnetizing field; excitation was at 50 Hz, the supply waveform being uncritical. Fig. 2 shows the experimental setup for measurements and the observed waveforms, with quantities measured shown in Fig. 2(b) . J Saturation ( J s ) was calculated from V = 4 J Sat n f A; where V is the average voltage of compensated B coil, n is the number of turns of B-coil, f is the supply frequency, and A is the cross-sectional area of the B-coil. Magnetizing current and the exact supply frequency were sensed during measurements. Although the apparatus was initially designed for online measurement of cross-sectional area of laminated steels during manufacturing process, it has also been used to determine the magnetic properties of these materials for a range of magnetization intensities approaching those close to saturation in compliance with the law of approach.
III. SATURATION EFFECTS IN ELECTROMAGNETIC DEVICES The system described here is fully computerized and can measure cross-sectional area of steel strips within a few magnetizing cycles (a fraction of a second at 50 Hz) and could ideally form an integral part of a production line, which would allow sampling of magnetic properties of electrical steel at the same time as they are being produced. This also gives the opportunity of assessing their properties at higher saturation levels than would have been of interest in the past. The rest of this section is presented as a demonstration of the relevance of the described system, for assessment of magnetic properties of these grades of steel for their more recent utilization and applications.
There has been a steady and growing interest in the determination and prediction of the magnetic properties of electrical steels in the near-saturation region [20] - [23] . In the past, it would have been of some interest to quantify these for practical reasons, for example, where high-saturation effects occur in the tooth regions of rotating machines. The subjective exposure of these materials to high saturation due to the inverter-generated modulated variable frequency waveforms is also driving the need for the desire to determine their characteristics in much higher saturation regions than those charted in the past. There is also growing evidence that localized saturation in transformer may be responsible for much more undetected deterioration of performance and operation of energy and power network systems. Saturation effects within the non-linear laminated cores is reported to be further enhanced by the intrinsic operational characteristics of power transformers, resulting in the need for inclusion of additional more complex measures associated with saturation effects in modeling of these types of devices [24] , [25] . The inter-laminar flow of flux well known to particularly occur in the overlap regions in corners and T-joint of laminated transformer cores is also seen to be radically affected by localized saturation in the core material [26] . Kefalas and Kladas [27] reported the regions of heavy saturation in transformer cores used in renewable energy systems that are not recognized by their manufacturers. Study of iron core saturation in welding transformers resulting from unbalanced voltages generated by dc-dc converters has led to design of appropriate preventive countermeasures [28] , [29] . Magnetic properties of laminated transformer cores were investigated under over-saturation conditions for the determination of iron loss and excitation characteristics [30] and the development of modeling technique for saturation properties of laminated cores where a quasi-non-linear approach is used to adequately solve industrial problems [31] . Jaiswal et al. [32] used separate saturation magnetization curves in order to predict losses in three-phase induction motors. Similar studies were presented in the past for single-phase motors [33] , [34] , where localized flux conditions and losses were acceptably estimated using similar techniques. However, although saturation in tooth tip and tooth root regions was considerable in the latter investigation, the three-phase machines with grain-oriented cores investigated in the former study are expected to show far more localized saturation levels. Other work includes the effect of severe uneven localized saturation magnetization, which is shown to occur in the core of widely used rectangular induction machines due to the core geometry instigated unbalanced phase currents [35] . Saturation magnetization is also shown to be effective in non-destructive measurement of surfacehardening depth of steel, where law of approach to saturation was used to determine the case depth of induction-hardened and carburized steel rods [36] .
IV. PREPARATION OF SAMPLES
A. Determination of Composition and Cross-Sectional Area
In accordance with British Standard [1] , the Epstein samples used in the study were cut from various grades of commercially available non-oriented and grain-oriented silicon-iron steel produced by a factory at different periods of time. The number of samples in an individual grade ranged from 11 to 21. All the samples were along the rolling direction and were also fully annealed.
Using chemical analysis method, the contents of silicon and aluminum of the samples were analyzed. As shown in Fig. 3(a)-(f) , the contents of both silicon and aluminum vary around the average or the so-called conventional values of contents. Using statistical analysis, the conventional contents of silicon and aluminum for each grade of samples are shown in Table I . The SD of silicon content in the grades is up to 7.8%, while that of aluminum is seen to be up to 15%.
In accordance with British and IEC Standards [1] , the cross-sectional areas, A S (= m/(l × d)) of these Epstein samples are determined using the conventional density method. Densities of the samples are determined from their silicon and aluminum contents using
where 7865 is the basic density value for electrical steel (kgm −3 ), and P Si and P Al are the weight percentages of silicon and aluminum contents of the samples. Average thicknesses of the samples are then determined (= A S /width). Widths of the samples were precisely measured using a vernier micrometer of 0.02 mm in resolution and their lengths measured using a ruler with a resolution of 0.5 mm.
In (1) , only the effects of silicon and aluminum contents are considered. However, in the widely used non-oriented and grain-oriented silicon-iron steel, there are other elements such as manganese and cobalt. In some cases, the contents of these elements are even higher than that of aluminum or silicon. The SD of the density obtained using (1) is on the order of 0.2%-0.3% [1] .
B. Determination of Sample Uniformity
The thickness obtained using the density method is the averaged thickness over a whole sample. Due to variation of the localized thickness, the average thickness is different from that at a specified location. To determine the thickness variation, two samples from each grade of the samples were selected. Thickness variations in samples were measured on three equally spaced points along their length using the γ -ray system. As shown in Table II , the SD of thickness along the samples is as high as 1%
where K is the compensation factor for silicon and aluminum contents, using the γ -ray method, and is obtained in accordance with the data used in practice [37] .
V. EXPERIMENTAL PROCEDURE
As mentioned above, a novel saturation magnetization system was developed that allows high-field magnetization of Epstein size steel samples [18] , [19] . As mentioned, Fig. 2(a) shows the long air-cored solenoid of this system that was used to measure the saturation magnetization of the samples tested. Air flux inside the B-coil located at the center of the solenoid was compensated using a variable mutual inductor.
Differential voltage induced in the B-coil is related to the instantaneous magnetic flux density B(t) by Faraday's Law [e(t) = N B A S (dB(t)/dt)]
, where N B is the number of turns of the B-coil and A S is the cross-sectional area of the sample to be measured. Magnetized in a heavy ac external magnetic field, the waveforms for the external magnetic field magnetization and induced voltage are shown in Fig. 2(b) . Following the law of approach to saturation [38] in the region near the peak values of the external magnetic field, the sample approaches magnetic saturation J S . The full-wave rectified average of e(t) is given by E = 4 f N B A S J S . This is measured using the ac function of a 0.1% mean responding multi-meter. Use of the average sensing meter is essential because, the distortion levels increase on approaching close to magnetic saturation. The sample also extends entirely though the solenoid, and demagnetization field related to the sample is negligible. The temperature coefficients of expansion of the samples from 20°C-100°C all lie in the range of 11-13 × 10 −6 /°C [39] and are therefore neglected in the study. The former of the B-coil was made from low thermal expansion material so that the effect of temperature on it is neglected.
VI. MAGNETIZATION BEHAVIOR NEAR SATURATION
Fallot's study [40] shows that saturation magnetization of silicon-iron steel is affected by the contents of silicon and aluminum of the steel according to
where J 0 is the saturation magnetization of pure iron, P Si and P Al are the weight percentages of silicon and aluminum contents, and K Si and K Al are constants. Magnetization at saturation is mainly due to the reversible rotation of domains from their direction of easy magnetization to the direction of external magnetic field [39] . In a sufficiently large field, the magnetization will reach the saturation value that is the same for all crystallographic directions, showing that the individual ionic magnetization vectors have been rotated so as to be parallel to the applied field. The field needed to fully saturate silicon-iron steel is normally several hundred kiloamperes per meter high and requires a huge magnet or a very large power supply to produce the field. However, during production of large quantities of silicon-iron strips, it is always desirable to substitute the saturation magnetization in (3) with that of a magnetization produced at a comparatively much lower external field or a so-called magnetization near saturation.
The behavior of magnetization near saturation is obtained by considering a specimen of a single crystal subjected to a field H that makes a given angle θ 0 with the direction of the easy magnetization of the crystal [h 0 k 0 l 0 ] as shown in Fig. 4 . As H increases, the strength of magnetization of the domain remains unchanged, but its direction will deviate from [h 0 k 0 l 0 ] and approach H . The angle of deviation θ may be calculated by minimizing the total energy composed of crystal anisotropy energy E K and energy of interaction of magnetization and field −H J S cos(θ 0 − θ). This energy is a minimum when d E/dθ = 0, or
and
Crystal anisotropy energy of the cubic crystals of the silicon-iron steel is given by
The field necessary to magnetize the sample to saturation in, for example, intermediate direction [110] is then [41] - [43] 
Anisotropy coefficient K 1 of the crystals of silicon-iron steel is on the order of K 1 = 5 × 10 4 Jm −3 [41] . Saturation magnetization is ∼2 T. So the minimum external field to saturate silicon-iron steel is approximately H S = 50 kA/m. Interaction among domains in polycrystalline silicon-iron steel makes the behavior of magnetization near saturation even more complex. Among the extensive list of empirical formulas proposed, the equations include logarithmic exponential and arctan functions and use as many as five constants [44] .
Measurements on commercial silicon-iron steel show that the law of approach to saturation in either non-oriented or grain-oriented steels can be modeled precisely using Lamont's relation in the external field, H , from 50 to 200 kA/m
where C is the magnetic hardness. Magnetic hardness for the 0.1-1.8 wt.% silicon non-oriented steel in the finally annealed state is C = 799 ± 26 A/m. Statistical analysis indicates that the SD between the magnetization measured and that calculated is of the order of 0.09%.
From (3) and (9), magnetization of the non-oriented steel at a given external field H is given by
and that of the grain-oriented steel is
By comparing (10) and (11), it can be seen that with the decrease of external field, the magnetization of non-oriented steel reduces faster than that of the grain-oriented steel.
To estimate the influence of depth of magnetic saturation, aluminum content of the non-oriented and grain-oriented steel is assumed zero. Using (10) and (11), curves of magnetization against silicon content are calculated and presented in Fig. 5(a) . The external magnetic fields in the calculation are chosen (H a = ∞, 200, 100 and 50 kA/m).
Using linear regression on the data, the SD of the regression is found to decrease exponentially with the increase of the external field, as shown in Fig. 5(b) . When external field is greater than 100 kA/m, the SD goes down to lower than 0.11%.
Deduced from (9), the variation of magnetization near saturation caused by the variation of external field is given by
Under deep saturation, the strength of external field is always much bigger than the constant C, and therefore, the coefficient of (12) is much less than unity. Even for the non-oriented steel with a comparatively large constant C = 799 A/m, a ± 20% variation around a peak external magnetic field H = 100 kA/m causes only ±0.16% variation in the magnetization near saturation. 
A. Experimental Determination of Magnetization Near Saturation
In this paper, the peak value of the ac external magnetic field is H = 100 kA/m. Sample temperature is maintained at t = 20 ± 1°C. In total, 440 samples from six different grades of non-oriented and grain-oriented silicon-iron steel were tested. The samples in each grade consist of five branches corresponding to the samples from five original silicon-iron steels of the same nominal silicon content but produced at different periods of time. The number of samples in each branch ranged from 11 to 23 according to their thickness. Compositions of the samples are analyzed using chemical method and their cross-sectional areas determined using the density method as described in Section II.
The influence of thickness variation was reduced by averaging the magnetization near saturation measured on all samples in each individual branch usinḡ
where n is the number of samples in a branch. If the SD of the original measurements is σ , then the SD of the mean value of magnetization of the n measurements would be σ/ √ n. Experiments find that the SDs of the original measurements are up to 0.39%. After averaging the SD of the mean, values of magnetization near saturation is found to be <0.1%. This is shown in Table III .
Nevertheless, because of the SD of ∼0.2%-0.3% in the determination of the cross-sectional areas using the density method [1] , the overall SD σ t for the mean values of magnetization near saturation of the various branches is approximated as σ t = (σ 2 a + σ 2 c ) 1/2 = 0.3%, where σ a = 0.1% is the maximum SD of the mean magnetization near saturation in an individual branch. σ c = 0.3% is that in the determination of cross-sectional areas using the density method. 
B. Regression of Magnetization Against Alloying Contents
Using linear regression, the relation between magnetization near saturation and the contents of silicon and aluminum is obtained as
As shown in Table IV , the SD of the linear regression is on the same order as that of average magnetization near saturation shown in Table III .
The correlation between the magnetization measured and that calculated using (14) is shown in Fig. 6(a) . The suitability of the linear function is further ensured by the normal distribution of SD shown in Fig. 6(b) .
C. Use of Conventional Density
In the production of large quantities of silicon-iron steels, it has been accepted to determine the cross-sectional areas of the samples to use conventional density values instead of the actual densities of the individual samples. Similarly, it would be appreciated if a conventional value of magnetization near saturation could be used to determine the cross-sectional areas of the samples in a grade without introducing too much error.
From (1), the effect of silicon and aluminum contents on density is
where d0 is the density of pure iron. According to (14) , variation of magnetization near saturation, Js , caused by the change in the contents of either silicon PSi or aluminum PAl is
where J 0 is the magnetization near saturation of pure iron under regular condition. In the γ -ray method, variations of the absorption factor K caused by variation of silicon and aluminum contents are given by
where K 0 = 1.0000 is the absorption factor of pure iron.
Comparing (15)- (20), it is found that the influence of silicon on the conventional density method is the least and influence of aluminum is almost the same in all the three methods. From the conventional values and the variation of the silicon and aluminum contents listed in Table I , the conventional values together with the variation of magnetization near saturation density and absorption factors are calculated for the different grades of steel investigated, as presented in Table V . 
D. Determination of Cross-Sectional Area Using Saturation Magnetization Method
As discussed above, at a given temperature and external magnetic field, magnetization near saturation of grades of silicon-iron steel is determined only by their silicon and aluminum contents or the so-called iron dilution factor. On the other hand, if saturation magnetization of silicon-iron steel with known contents of silicon and aluminum is determined under the same condition, its cross-sectional area can also be determined.
For the normal conditions, magnetization near saturation determined from iron dilution factor has a SD of σ reg. = 0.14% (= 0.003/2.133 × 100%). If the accurate contents of silicon and aluminum are substituted with their respective conventional contents, an SD of σ conv. ≤ 0.11% as obtained from Table III will also be added. In this case, the total SD for cross-sectional area is determined as σ As ≤ σ 2 reg. + σ 2 conv. = 0.18% (21) which is on the similar order as that of the cross-sectional area determined using the density method [1] .
VIII. CONCLUSION
Unlike all other methods, cross-sectional areas determined using saturation magnetization method represent the magnetically equivalent areas that influence the magnetic behavior of the samples in practice. Cross-sectional areas determined using saturation magnetization method are also not affected by the coating of the sample, providing an accurate measure of the metal content. An extensive population of different grades of electrical steel samples was tested in order to establish the viability of the technique compared with a well-established method normally employed. Under normal conditions (H = 100 kA/m and T = 20°C), the cross-sectional areas determined using the saturation magnetization method are of the same parity as that of using the conventional density method. The empirical formula obtained is applicable to both non-oriented steels with 0-1.8 wt.% silicon content and grainoriented steels with 2.8-3.2 wt.% silicon content. To further increase the accuracy of the measurements, the precision of the original measurement of magnetization near saturation could be enhanced. The method presented in this paper could be developed to determine similar parameters of other types of ferromagnetic materials such as mild steel bars pipes and other shapes.
